The molten state of simulated high-level waste glass and the behavior of ruthenium element in the melt were investigated by using synchrotron radiation based X-ray imaging technique. Melting, generating and moving of bubbles, condensation and sedimentation of ruthenium element were observed dynamically in continuous 12-bit gray-scale images from the CCD camera. X-ray intensity was obtained easily by digitalizing gray-scale values in the image. The existence of ruthenium element, which is one of the most important insoluble residues in the recycle process of spent nuclear fuels, is emphasized as a black color in the CCD image at X-ray energy higher than the Ru K-edge. The position sensitive imaging X-ray absorption fine structure (XAFS) measurement was also performed to clarify a chemical state of ruthenium element in the melt.
Introduction
High physical and chemical stability is required in the long-term period storage of radioactive wastes. High-level radioactive liquid waste (HLLW) generated in the reprocessing of spent nuclear fuels is solidified with borosilicate glass in stainless canisters. 1 They are cooled and stored in the storage facility. The vitrification is thought to be effective waste management method in a viewpoint of immobilization of the HLLW. 2 Understanding behaviors of fission product (FP) elements in a glass melting furnace is important to achieve the safe and efficient management. It has been well known that some components of the HLLW is practically insoluble in the borosilicate glass melt. The most important insoluble residues in the recycle process are platinoids (Ru, Rh, and Pd) and cations having higher oxidation state like Mo 6+ . The insolubility is responsible for forming crystal phases and immiscible liquid phases (typically 'yellow phase') in the glass melt.
We have used the synchrotron radiation based imaging XAFS technique to study distribution and chemical state of the FP element in the simulated high-level waste glass samples. 3 The remarkable feature of the XAFS analysis technique is element selectivity. It is possible, in the XAFS analysis, to obtain precisely structural information around the specified element in the multi-component system even if it is a minor constituent. The synchrotron radiation based XAFS analysis is the optimal experimental tool for research of the simulated high level waste glass. Motion of the specified element in the sample can be observed selectively using the X-ray energy just over an absorption edge of the element, because the existence of the element is emphasized as black color in CCD images. The imaging XAFS technique adds position sensitivity to the conventional XAFS method. 4 In the present work, behavior of ruthenium (one of the most important insoluble residues) in the simulated glass melt at high temperature was examined by using the X-ray imaging technique.
Experimental
The imaging XAFS measurement system used in the present work is almost the same as the conventional XAFS system with transmission geometry as shown in Fig. 1 . Two ionization chambers are usually used to obtain an X-ray absorption spectrum Lt = log(I 0 /I). The sample is located between the two detectors. In the imaging XAFS system, the downstream ionization chamber is replaced only by the imaging system which consists of the beam monitor (AA40, Hamamatsu Photonics, KK) and the high-sensitive CCD camera (C9300-221, Hamamatsu Photonics, KK). The image data generated from the CCD camera is stored as 12 bit TIFF files with high speed via CameraLink cable. Gray-scale values of the CCD image correspond to transmission X-ray intensities. The resolution of the imaging system was confirmed to be about 10 µm from imaging measurement of the X-ray test chart Kyokko Type-14 (Mitsubishi Chemical).
The simulated glass sample used in the present work was prepared by adding nonradioactive HLLW components to the borosilicate glass melt. The state of prepared samples was almost the same as that of a calcination layer in the glass furnace, i.e. the cold cap. The principal components corresponding to the borosilicate glass were SiO 2 (47.5 wt%), B 2 O 3 (14.4 wt%), Na 2 O (9.8 wt%), and CaO (5.1 wt%). The nonradioactive HLLW added to the borosilicate glass contained alkali earth, platinoids, lanthanide elements, etc. A content of ruthenium element in the simulated glass sample was about 0.6 wt%. The sample was heated at 800°C for denitration before the imaging measurement. The alumina cell with 0.5 mm thickness was used as a sample container in the imaging XAFS measurement. The slit size of the sample portion in the cell, which corresponds to the sample thickness of X-ray penetration, was 1 or 2 mm. The glass sample in the alumina cell was heated to 1360°C in the atmosphere during the imaging measurement.
Imaging XAFS measurement was carried out at the NW10A beamline, 5 the Photon Factory Advanced Ring (PF-AR), the High Energy Accelerator Research Organization (KEK). We used two kinds of measuring methods. The first one is a continuous observation at constant X-ray energy. It must be effective when physical state of the sample changes. We adopted this method in the observation at heating and melting process. In the observation just over the absorption edge energy of the target element, distribution of the corresponding element is emphasized as strong black color in the CCD image. Therefore, X-ray absorption images of the simulated glass sample melt containing FP elements were recorded at the X-ray energy of 22.20 keV (just over the Ru K-edge energy E 0 = 22.117 keV). Therefore, a motion of Ru element is sensitively detectable in the X-ray imaging observation. The second one is imaging XAFS measurements with an energy scan. The position sensitive X-ray absorption spectra of the Ru K-edge were obtained by scanning energetic range from 21.8 to 22.6 keV. The control system of the conventional XAFS measurement developed at the NW10A beamline was used also in the imaging XAFS measurement. Imaging observation experiments were performed six times under almost the same conditions. The sample was heated up to 1360°C at heating rate of about 5°C/min.
Results and Discussion
3.1 Imaging observation of the simulated glass sample at heating process Continuous shooting for the CCD image was performed to observe dynamic changes in the simulated glass sample at heating. Exposure time of the CCD camera was set to be 500 ms. X-ray energy was fixed at 22.20 keV, which is just over the K-edge of Ru element, during the imaging measurement except the imaging XAFS measurement. Therefore, a domain where ruthenium is distributed is shown as strong black color on the CCD image. We collected consecutive 9000 CCD images in 4 h while the sample was heated from room temperature to 1360°C. The sedimentation of the aggregated ruthenium domain was observed as CCD images in 5 times of the 6 experiments. The sedimentation was not recorded only in the 5th experiment. However, we cannot conclude the sedimentation did not occur in it, because the imaging observation did not always watch the whole cell during each experiment. Some typical CCD images observed during the 4th experiment are listed in Fig. 2 . The simulated glass sample was melt between 800 and 900°C. A lot of small bubbles generated around 1000°C. The size of bubbles became large as the temperature rises from 1000 to 1200°C. Black domains corresponding to the condensation of Ru was seen on the CCD image at 1200°C. The black domain moved intensely in conjunction with bubbles between 1250 and 1300°C and disappeared from the CCD images over 1300°C. The larger aggregate of Ru appeared again at 1340°C after generation of bubbles became weak. A sedimentation of the aggregated Ru was observed around 1350°C as shown in the Fig. 2 . Details of the Ru sedimentation were shown in Fig. 3 as the CCD images with even intervals. In the Fig. 3 , we can see behavior from appearance of the Ru-aggregated domain to its sedimentation to the bottom of cell. The longitudinal length of the CCD image is 1.90 mm. While the aggregated Ru domain crossed lengthwise direction of the CCD image, the time of five minutes was required. The Ru domain showed complicated movement under the influence of bubbles in the five minutes. The domain slowed its apparent descent with the motion caused by bubbles. Similar behaviors such as condensation and sedimentation of Ru were observed over 1200°C in the five experiments. It is suggested from the CCD images that an aggregation of ruthenium proceeds while many bubbles are generated around 1200°C. Electrochemistry, 81(7), 543546 (2013) Similar experimental results were obtained also in all other experiments, although the sedimentation was not observed in the 5th experiment. It can be summarized from the X-ray imaging observations that melting of the sample between 800900°C, generating of bubbles around 1000°C, condensation of Ru around 1200°C and sedimentation of aggregated Ru domain above 1300°C occurs in the glass melt. It is also concluded that the behavior of Ru is much affected by bubbles.
Imaging XAFS of the Ru concentrated domain
The imaging XAFS measurement was performed to clarify the chemical state of ruthenium element in the glass. In most cases of the continuous X-ray imaging observation at the fixed X-ray energy 22.20 keV, condensation and sedimentation of the ruthenium element were observed in the glass melt above 1200°C. At first, the imaging XAFS measurement was performed to the frozen sample at room temperature. A trace of the condensation and the sedimentation of Ru was expected in imaging results of the frozen sample, since it was heated to 1350°C. The imaging XAFS result of the frozen glass sample obtained after the 2nd experiment is shown in Fig. 4 . The two CCD images at 22.05 and 22.20 keV (before and after the Ru K-edge) are shown in the Fig. 4 . The condensation of ruthenium can be confirmed by the gray-scale change between the two images. A big Ru condensation region extending in lengthwise direction can be seen near the center of the CCD image. It is considered that the sedimentation of Ru was just taking place when the sample was solidified. XAFS spectra of the two selected areas ("©" marks in the CCD image) corresponding to 50 µm © 50 µm square were plotted in the Fig. 4 . The two imaging spectra A and B are almost the same. For comparison, the Ru K-edge XAFS spectrum of standard RuO 2 obtained from the conventional XAFS method was also plotted. The imaging XAFS spectra in the frozen simulated glass are close to that of the standard RuO 2 . It can be estimated that the chemical form of the condensation object is RuO 2 . Similarly, it was confirmed to be RuO 2 also in the normal XAFS measurement of the frozen sample.
In the next step, we tried to obtain imaging XAFS spectra of the glass melt at high temperature. The most difficult problem in the imaging XAFS measurement of high temperature liquids is that distribution of the specified element in the CCD image moves during the X-ray energy scan. The time of several minutes is required for an imaging XAFS measurement. It should be noted that the sedimentation of Ru element was observed in 5 min as shown in the Fig. 3 . The imaging XAFS measurement was carried out when Ru element in the glass melt was in stationary state. Thus we had very few chances to obtain imaging XAFS results of the high temperature glass melt in the present work. Shortening of the measurement time is indispensable to the imaging XAFS measurement of the high temperature liquid.
The imaging XAFS measurement of high-temperature glass melts were carried out by taking images with high speed (exposure time 200 ms) after movement of ruthenium stopped. For example, it took 5 min to acquire 1500 CCD images. Figure 5 shows the imaging XAFS result at 1350°C obtained during the 4th experiment. The 50 µm © 50 µm region (the "©" mark in the figure) at the bottom of the cell was selected to obtain the imaging XAFS spectrum. The ruthenium in the CCD image hardly moved during the imaging XAFS measurement, since the selected region was the bottom of the cell. The imaging XAFS spectrum is plotted together with the conventional XAFS results of RuO 2 and Ru metal. There is a big difference in the form of the XAFS spectrum between the oxide RuO 2 and the metal, as clearly shown in the Fig. 5 . The imaging XAFS spectrum is close to that of RuO 2 . It can be estimated that chemical state of the ruthenium at the bottom of the cell was oxide also at the high temperature liquid state.
Conclusions
The synchrotron radiation based X-ray imaging study of the simulated high level waste glass was carried out to elucidate distribution and chemical state of ruthenium in the glass sample. It was found from the X-ray imaging observation at the fixed energy that melting of the sample between 800900°C, generating of bubbles around 1000°C, and condensation of ruthenium above Electrochemistry, 81(7), 543546 (2013) 1200°C. The sedimentation of ruthenium to the bottom of the cell was observed around 1350°C. The imaging XAFS measurement was performed to clarify chemical state of the sample. The imaging XAFS results of our experiment clearly show that the ruthenium in the high temperature glass melt exists as oxide.
